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DETECTING QUADRUPOLE RESONANCE 
SIGNALS USING HIGH TEMPERATURE 
SUPERCONDUCTING RESONATORS 

REFERENCE TO RELATED APPLICATIONS 

This application claims reference to US. Provisional 
Patent Application Nos. 60/777,476, ?led Feb. 27, 2006; 
60/777,461, ?led Feb. 27, 2006; 60/782,654, ?led Mar. 15, 
2006; and 60/ 870,876, ?led Dec. 20, 2006, the entire contents 
of Which are incorporated herein by reference. 

FIELD OF THE INVENTION 

The present invention relates to quadrupole resonance 
(QR), in particular to improved QR detection apparatus using 
high-temperature superconductor (HTS) probes. 

BACKGROUND OF THE INVENTION 

Quadrupole resonance (QR) alloWs noninvasive, short 
range detection of analytes containing nitrogen, including 
many explosives. Unlike other technologies, a QR detection 
system can discriminate among different types of explosives 
and distinguish them from benign nitrogen compounds, 
because the QR response from each nitrogen compound has a 
distinct spectral signature. 

There is a great current need to detect explosives concealed 
Within containers, such as luggage, mail, improvised explo 
sive devices, and minimal metal landmines. At the present 
time, x-ray detection is the primary technology used at avia 
tion security checkpoints. X-ray detection reveals the pres 
ence and shape of objects that absorb energy from the x-ray 
beam, but cannot distinguish betWeen benign material and 
explosive devices. 

Current QR detection systems are hindered by problems 
such as inadequate sensitivity, limited operating temperature 
range, and electrical interference from both internal and 
external RF sources. The signal-to-ratio (SNR) of a nuclear 
resonance measurement using QR is proportional to the 
square-root of the Quality-factor (Q-factor) of the probe. 
Q-factors are approximately 100 for normal (non supercon 
ducting) metal coils, Which severely limits the SNR. 

The frequency of the QR response from a particular nitro 
gen compound is temperature dependent, and existing com 
mercial QR detection systems requires that the searched 
objects be held Within small temperature range. Further, the 
small QR response is easily masked by RF sources, such as 
AM broadcast stations and engine ignition noise, that are 
external to the detection system. 

Excitation of a QR response requires the application of a 
pulsed RF magnetic ?eld Within the search volume. The 
applied RF pulse may excite spurious responses from mate 
rials Within the search volume that can obscure the QR 
response, leading to an unacceptably large false alarm rate. 
Examples of internal noise sources include the decaying mag 
netic ?eld generated by currents induced Within conductive 
materials located Within the search volume, as Well as pieZo 
electric responses from materials Within the search volume. 

SUMMARY OF THE INVENTION 

NarroWband quadrupole resonance (QR) probes from thin 
?lm high-temperature superconducting (HTS) resonators are 
described. The superconducting QR probe can be used in 
systems that detect explosives concealed Within containers 
such as luggage, mail, improvised explosive devices, and 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
minimal metal landmines. In comparison to existing QR 
probes fabricated from normal (non-superconducting) 
probes, a superconducting QR probe improves the signal-to 
noise ratio per unit time by more than an order of magnitude. 
Embodiments of the invention provide greater than an order 
of magnitude improvement in sensitivity, the ability to reject 
RF interference sources located outside the pass-band of the 
superconducting QR probe, and improved approaches to ana 
lyte detection using adaptive algorithms for resonance detec 
tion. 
The use of an HTS material alloWs a relatively inexpensive 

cooling system to be used, such as liquid nitrogen. HoWever 
any superconducting material may be used if cooling com 
plexity and expense is not a major issue. The term HTS is used 
With the understanding that any superconducting material can 
be used. 

In embodiments of the present invention, an apparatus for 
QR detection of an analyte comprises a pulsed excitation 
source and a high-temperature superconducting (HTS) QR 
probe. Preferably, the probe may have a Q-factor greater than 
1,000, and in some embodiments the Q-factor may be greater 
than 10,000. In conventional pulsed QR, lineshape informa 
tion is lost. HoWever, the combination of pulsed excitation 
and narroW band probes alloWs lineshape information to be 
recovered, for example using a plurality of probe frequencies. 
This reduces false alarms, for example as signals With very 
narroW lineshapes (eg a feW HZ) can be immediately 
rejected as noise. 

High-temperature superconducting (HTS) QR probes 
Were fabricated With Q-factors greater than 10,000. For these 
values of Q-factor, the bandWidth of the HTS QR probe is 
typically smaller than the bandwidth of the QR response. As 
an example, the bandWidth of the QR response of the explo 
sive RDX is on the order of 500 HZ, the bandWidth of a normal 
metal probe is on the order of 30 kHZ, While the bandWidth of 
the HTS probe is on the order of 300 HZ. As the center 
frequency of the RDX QR response is temperature depen 
dent, and can vary on the order of 100 HZ per ° C., if the 
temperature of the explosive is unknoWn, it may be necessary 
to search for the QR response by varying the frequency of the 
HTS QR probe. 
The term “HTS probe” is used generally to refer to a 

structure including a superconducting resonator, the term 
probe referring to a structure including one or more coils, 
such as a loop structure. Generally, HTS materials are used in 
the examples, but the invention is not limited to HTS materi 
als. 
Embodiments of the present invention include improved 

methods of probe frequency tuning. Using a high quality 
factor (Q-factor) probe for QR detection of an analyte, for 
example using a high-temperature superconducting (HTS) 
probe, trades improved signal-to-noise ratio for reduced 
detection bandWidth. In an improved QR detection system, an 
algorithm can be used to alloW automatic search for a QR 
response by incorporating automatic frequency tuning of an 
HTS QR probe. 
An example apparatus to assist detection of an analyte 

Within a sample volume using QR comprises a superconduct 
ing resonator having a resonance frequency, a coarse fre 
quency controller operable to adjust the resonance frequency 
of the superconducting resonator so as to be proximate to an 
expected response frequency of the analyte; and a ?ne fre 
quency controller operable to adjust the resonance frequency 
over a frequency band including the expected response fre 
quency of the analyte. Here, the terms coarse and ?ne are used 
relative to each other, the ?ne frequency control being capable 
of implementing smaller frequency steps of the resonance 
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frequency. The apparatus may include a separate conven 
tional (non-superconducting) excitation coil for exciting the 
QR response. In other examples, a superconducting resonator 
can be used for both excitation and as a receiver coil. A ?ne 
frequency controller may adjust the resonance frequency over 
the frequency band using a blind algorithm, for example 
using uniform frequency steps. Alternatively, the probe fre 
quency may be adjusted over the frequency band to search for 
a maximum QR response of the analyte. 

The lineshape of the QR response can be determined from 
data obtained at a plurality of resonance frequencies, even if 
the superconducting resonator has a lineWidth less than the 
QR response lineWidth of the analyte. Further, ?ne tuning the 
resonance frequency alloWs the probe to track a temperature 
dependent transition frequency. 
A coarse frequency controller may includes a mechanism 

for changing a position of the superconducting resonator 
relative to a tuning component, for example using a mechani 
cal displacement of the superconducting resonator relative to 
another resonator, a dielectric Wafer, or other component. 

Embodiments of the invention further include a QR appa 
ratus having excitationusing a loW-Q exciter, such as a copper 
coil, and detection by a separate high-Q probe, such as an 
HTS probe. Q-spoiling can be used to dissipate excitation 
pulse energy. In other examples, an HTS resonator is used for 
both excitation and detection, for example using a spin-echo 
data collection. The apparatus may further include an active 
Q-spoiling system alloWs the probe response to relax rapidly 
folloWing the excitation pulse, alloWing improved QR detec 
tion. Cloaking techniques may be used to avoid coupling of 
the excitation and detector probes. 
An adaptive methodWas used for tuning the HTS QR probe 

that resulted in higher detection performance per unit time 
than a blind search for a QR transition by systematically 
moving the HTS QR probe frequency across the spectral 
range of interest. Various search algorithms may be used. An 
example blind search may use equal search frequency steps 
across an entire expected frequency range. Other possible 
adaptive algorithms include MaximiZation of Energy from 
Single Signals (MESS), Where a neW probe frequency is 
chosen as an estimated QR transition frequency determined 
from measurements made at previous probe frequencies, and 
Minimization of Energy Estimate Covariance (MEEC), 
Where a neW probe frequency is chosen to minimize LS (least 
squares) covariance. An adaptive algorithm may be used to 
shorten detection times, relative to a blind algorithm. 
An example apparatus to assist detection of an analyte 

Within a sample volume using nuclear quadrupole resonance 
(QR) comprises a superconducting resonator having a reso 
nance frequency, a coarse frequency control, a ?ne frequency 
control, and an electronic module that adjust the coarse fre 
quency control so that the resonance frequency is close to the 
response frequency, and adjusts the ?ne frequency control 
locate the response frequency of the analyte Within the fre 
quency band. An excitation coil may be separate from the 
superconducting resonator. The electronic module, through 
the frequency controls, may use an adaptive algorithm to 
search for the QR response of the analyte, for example to 
maximiZe the energy of the QR response, or to minimiZe the 
covariance of the least-squares estimates of the lineshape 
parameters. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 shoWs a photolithography mask for patterning an 
HTS thin-?lm; 
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4 
FIG. 2 shoWs experimental results from tuning an HTS 

resonator using a high permittivity Wafer; 
FIG. 3 illustrates tuning an HTS resonator using an unpat 

temed HTS Wafer; 
FIG. 4 shoWs tWo resonant RLC circuits coupled magneti 

cally; 
FIG. 5 illustrates the tuning of an HTS resonator by varying 

its inductive coupling to a second HTS resonator; 
FIG. 6 shoWs a control loop integrated on a test ?xture; 
FIG. 7 shoWs a non-HTS resonant circuit used to tune an 

HTS resonator; 
FIG. 8 shoWs experimental data for tuning an HTS resona 

tor by varying the resonant frequency of a coupled conven 
tional resonant circuit; 

FIG. 9 shoWs a schematic of a Q-spoil and tuning netWork; 
FIG. 10 illustrates contours of constant Q-factor for tWo 

modes of a Q-spoiled resonator modes, for k:0.216; 
FIG. 11 shoWs probe natural response Without and With 

Q-spoiling; 
FIG. 12 shoWs a receiver connected to an HTS probe using 

a control loop; 
FIG. 13 shoWs a photograph of an HTS probe along With 

the sample holder 
FIG. 14 shoWs an ESD spectrum of an analyte; 
FIG. 15 shoWs a spin-echo spectrum of an analyte; 
FIG. 16 shoWs a receiver duplexed to an HTS probe using 

a duplex loop; 
FIG. 17 shoWs an RDX spin-echo spectrum of an analyte; 
FIGS. 18A and 18B shoW data obtained using probe tuning 

algorithms; 
FIG. 19 shoWs an equivalent circuit for a noise excitation 

Q-factor measurement; 
FIG. 20 shoWs simulated cloaking behavior; and 
FIG. 21 shoWs experimental measurements made using a 

HTS probe With cloaking 

DETAILED DESCRIPTION OF THE INVENTION 

In pulsed or transient QR detection, a search region is 
subjected to a series of RF magnetic ?eld pulses and a QR 
response is detected in the interval betWeen the RF pulses. An 
apparatus broadcasts short duration radio frequency (RF) 
pulses using a transmitter coil, and if a target compound 
(analyte) is present, an RF signal is received by a receiver coil 
during the interval betWeen the applied pulses. The transmit 
ter coil (normal metal or superconducting) and receiver coil 
may be the same coil (normal metal or superconducting), or 
separate coils. 
An QR signal originates from analytes With nuclei that 

have a nuclear quadrupole moment, such as nitrogen-14 (the 
common isotope of nitrogen). The QR response from each 
nitrogen compound has a distinct spectral signature, so that a 
QR detection system can discriminate among different ana 
lytes. In particular, QR can distinguish betWeen types of 
explosives, such as RDX and TNT, and distinguish them from 
benign nitrogen compounds as t 

Examples of the present invention include a QR probe With 
a high Q-factor, Which enhances sensitivity, and also reduces 
electrical interference When the interfering RF source lies 
outside the bandWidth of the QR probe. A QR probe Was 
designed having a Q-factor greater than 10,000, providing 
greater than a ten-fold increase in explosives detection sensi 
tivity using QR. High-temperature superconducting (HTS) 
resonators Were used to fabricate QR probes With signi? 
cantly higher Q-factors than those obtainable With normal 
metal (non-superconducting) probes. The high Q-factor of 
the HTS QR probe not only increases the level of the received 



US 7,511,500 B2 
5 

QR signal, but also effectively attenuates both internal and 
external sources of RP interference that are not Within the 
pass-band of the HTS probe. 

The power handling capabilities of an HTS resonator can 
be increased by using Wider line Widths and increasing the 
separation betWeen the turns. Constraining the electric ?eld 
Within a loW loss dielectric of the resonator alloWs achieve 
ment of high-Q factor resonators. As a result, dual sided HTS 
resonators have signi?cantly higher Q-factors than single 
sided resonators. A QR response Was detected using an HTS 
probe for both excitation and detection, and using a conven 
tional excitation coil and an HTS probe for reception. 

Conventional apparatus use the same probe for excitation 
and detection, leading to sub-optimal detection performance. 
Apparatus according to some embodiments of the present 
invention use an excitation probe and a separate detection 
probe. A loW Q-factor excitation probe maintains the imped 
ance match betWeen the transmitter and excitation probe for 
maximum poWer transfer, despite the presence of material 
Within the search region that may electrically couple to the 
excitation coil. A high Q-factor detection probe maximiZes 
the signal-to-noise ratio of the QR measurement. The detec 
tion probe uses a high-temperature superconductor (HTS) 
resonator that provides a Q-factor that is more than tWo orders 
of magnitude greater than for QR probes fabricated from 
normal (non-superconducting) metals. A QR response Was 
detected for the ?rst time using a non-superconducting metal 
excitation probe With a loW Q-factor, and an HTS detection 
probe With a high Q-factor. 
A cryogenically cooled quadrupole resonance probe Was 

developed With a quality factor on the on the order of 20,000 
during detection. The probe’s high Q-factor improved the 
signal-to-noise ratio by more than an order of magnitude 
compared to non-superconducting probes. Example probes 
includes self-resonant circuits fabricated from a high-tem 
perature super-conductor on a loW-polariZation loss sub 
strate. The probe Was tunable over a Wide frequency range, 
and the probe’s natural response to the excitation pulse Was 
dissipated. The resulting quadrupole resonance probe has a 
quality-factor on the on the order of 20,000 during detection. 

Embodiments of the present invention include apparatus 
that overcome problems such as limited operating tempera 
ture range, and electrical interference from both internal and 
external RF sources. When the bandWidth of a QR probe is 
smaller than the bandWidth of the QR response, it is possible 
to attain a higher SNR measurement than With a probe of 
greater bandWidth. Also, When the bandWidth of the QR 
probe is smaller than the bandWidth of the QR response, the 
spectra of a QR measurement contains distinct peaks corre 
sponding to the QR response and the HTS QR probe. In 
contrast, When detecting QR signal using a loW Q-factor 
probe, the spectra of the received signal is nearly identical to 
the spectra of the QR response. 

The detection performance of a QR system using a probe 
Whose bandWidth is less than that of the QR response may use 
an algorithm for tuning the probe frequency through a spec 
tral region corresponding to the expected temperature range 
of the analyte QR response. The line-shape of the QR 
response can be recovered from multiple measurements 
obtained With a QR probe Whose bandWidth is smaller than 
that of the QR response. This can be used to eliminate noise 
signals, Which typically have much different lineshapes to a 
genuine QR resonance of the analyte. The presence or 
absence of an expected QR line-shape, obtained from mul 
tiple measurements using a narroWband QR probe, alloWs a 
reduction in the false alarm rate of a QR detection system. For 
example, the coarse frequency control can be used to adjust 
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6 
the resonance frequency to a value close to that expected for 
an analyte QR resonance, and the ?ne frequency control can 
then search for an analyte resonance using an algorithm to 
help locate the peak. 
One approach for improving the SNR of QR detection 

experiments is signal averaging through the coherent addition 
of multiple QR responses. This presents a tradeoff betWeen 
detection time and increased SNR, as the SNR increases With 
square-root of the number of averages, and hence detection 
time. In order to achieve a large SNR improvement through 
signal averaging, the folloWing conditions are preferably met. 
First, the noise is uncorrelated, and second, certain RF pulse 
sequences that generate multiple QR responses for averaging, 
most notably SORC and PAPs-NPAPs, require precise 
knowledge of the center frequency of the QR response in 
order to achieve coherent addition of the QR responses. In 
practice, the noise present Within the detection pass-band is 
partially correlated, and so there is a limit in the maximum 
SNR that can be achieved through averaging. Furthermore, 
because the spectral locus of the QR response is temperature 
dependent, the precise center frequency of the QR response is 
unknoWn. For these reasons, signal averaging does not pro 
vide a complete solution for increasing the SNR of QR mea 
surements. 

Another approach for improving the SNR of QR measure 
ments is to increase the quality-factor (Q-factor) of the QR 
probe. The SNR of a nuclear resonance measurement is pro 
portional to the square-root of the Q-factor. QR detection 
systems using normal (non-superconducting) probes have 
Q-factors on the order of 100. Hence, an increased probe 
Q-factor improves the SNR of QR measurements. 
HTS Resonator Fabrication 
FIG. 1 shoWs a photolithography mask used to produce a 

resonator. Resonators Were fabricated on 0.5 mm thick, 50 
mm diameter lanthanum aluminate Wafer coated on both 
sides by a ?lm of the thallium-based high temperature super 
conductor (HTS) material Tl2Ba2CaCu2O8 (thallium 
barium-calcium-copper oxide, TBCCO). Films Were formed 
using a sputter deposition of an amorphous precursor ?lm, 
Which does not contain thallium, on the front and back sur 
faces of the Wafer. A subsequent high temperature anneal in a 
thallium oxide partial pressure forms the epitaxial supercon 
ducting phase. The resulting 0.6 micrometer TBCCO ?lms 
have a critical temperature above 102 K and a surface resis 
tance of 300 mieroohms measured at 10 GHZ. 
The Wafer Was then patterned into a self-resonant device. 

The design achieved a desired resonant frequency based on 
numerical electromagnetic simulations. The mask Was 
exposed on both sides of the Wafer With the resulting HTS 
layers mirrored about the plane of the substrate Wafer. As a 
?nal step, a thin protective layer of Te?onTM AF Was applied 
to both sides of the ?nished device. The resulting device is a 
distributed parameter electrical circuit With multiple resonant 
modes. The inner and outer annular rings on the HTS mask 
are patterned opposite one another on both sides of the Wafer, 
forming parallel plate capacitors. The spirals connecting the 
annular rings each have self inductance and they share mutual 
inductance as Well. Additional inductance and capacitance is 
distributed throughout the HTS resonator features; for 
example, the turns of a spiral are capacitively coupled. 
The structure of FIG. 1 comprises of a thick outer ring (10) 

and a thick inner ring (12), With an 8 turn spiral (14) connect 
ing the rings. The same structure is etched on opposite sides 
of a Wafer, With the spirals in opposite directions so that the 
currents are oriented in the same direction for both spirals. 
The spirals form an inductance, and are terminated With slit 
annular rings that form an inner and outer capacitance 
together With the high permittivity, loW loss, Wafer dielectric. 



US 7,511,500 B2 
7 

The superconducting material presents some small loss, and 
the resonator may be modeled as a series RLC circuit. A 
lumped-parameter RLC model may be used as the electrical 
length of the spirals Was less than 25 degrees at the operating 
frequencies used. 

Frequency Tuning of HTS OR Probe 
An example HTS QR probe comprises at least one HTS 

resonator Whose frequency is determined by the geometry of 
the resonator and the electromagnetic environment surround 
ing the resonator. As the bandWidth of the HTS resonator is 
typically smaller than that of the QR response, and the fre 
quency of the QR response is temperature dependent, the QR 
probe frequency can be varied in order to search for a QR 
response. Several mechanisms for adjusting the frequency of 
an HTS probe Were developed, and these methods can be 
categoriZed as either coarse or ?ne tuning methods. 

Coarse tuning of an HTS resonator may use mechanically 
adjustment, for example through electrical coupling an HTS 
resonator to a loW-loss dielectric Wafer, and/ or coupling to a 
second resonator (conventional resonator or HTS resonator). 
Varying the proximity of a dielectric Wafer to an HTS reso 
nator produces a net change in the self-capacitance of the 
HTS resonator, thereby effecting a change in resonant fre 
quency. Electrical coupling betWeen tWo HTS resonators 
results in tWo resonant peaks Whose locations are varied by 
adjusting the mechanical displacement betWeen the tWo reso 
nators. Capacitors alloW distributed capacitive coupling 
betWeen the turns of a single coil. 

Fine tuning can be accomplished by magnetically coupling 
the HTS resonator to a second resonant circuit formed by a 
loop surrounding the resonator, called a control loop, and an 
external capacitance. The control loop may be non-supercon 
ducting metal (such as copper), or a superconducting metal 
loop Which avoid loWering the Q-factor of the HTS probe by 
reducing eddy-current losses in the control loop. Varying the 
external capacitance can electrically control the frequency of 
the HTS probe. The resonant frequency of the circuit is deter 
mined by its inductance and capacitance. Thus, tuning the 
circuit resonant frequency is accomplished by changing 
either the inductance and/or capacitance. For the HTS reso 
nator, this corresponds to changing the amount of energy 
stored by the resonator in either its magnetic ?eld and/ or its 
electric ?eld. 

Unless otherWise stated, tuning methods Were tested using 
an HTS resonator With a primary mode at 4.345 MHZ and an 

unloaded Q-factor of 700,000. During measurements, the 
probe Was cooled by immersion in liquid nitrogen, Which has 
a relative permittivity of about 1,546. Resonance frequencies 
Were measured using a VNA set to measure transmission 
coe?icients. Further details on tuning methods are given 
beloW. 

Permittivity Tuning 
A resonator Was fabricated on a 50 mm sapphire Wafer, 

having a design based on Withers et al., “Thin-?lm HTS 
probe coils for magnetic-resonance imaging. IEEE Transac 
tions on Applied Superconductivity, 3(1):2450-2453, 1993. 
The resonator had a resonant frequency of 3.549 MHZ and a 
Q-factor of 400,000. In this example, a signi?cant portion of 
the resonator’ s electric ?eld exists outside the resonator struc 
ture, making it amenable to permittivity tuning. Placing a 0.5 
mm thick, 50 mm diameter c-axis sapphire Wafer in direct 
contact With the HTS resonator loWered the resonant fre 
quency to 3 .449 MHZ, a change of —100 kHZ, While having no 
measurable impact on Q-factor. 

For permittivity tuning experiments, an HTS resonator Was 
placed in direct contact With a 0.5 mm thick, 50 mm diameter 
c-axis sapphire Wafer. Sapphire has a relative permittivity of 
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8 
11.5 parallel to the c-axis and 9.4 perpendicular to the axis. 
The resulting change in resonant frequency Was —12 kHZ, 
With the loWer resonant frequency due to increased capaci 
tance. The experiment Was repeated using a similarly dimen 
sioned lanthanum aluminate Wafer. Lanthanum aluminate has 
a relative permittivity of 24.5. The resulting change in reso 
nant frequency Was —25 kHZ. As both sapphire and lanthanum 
aluminate have loss tangents comparable to the surrounding 
liquid nitrogen, no change in the resonator’s Q-factor Was 
observed. 

Tuning Was accomplished by changing the relative geom 
etry of the tWo Wafers. A test ?xture Was used that alloWed 
variation of the overlap of the Wafers While maintaining a 
similar gap distance. Zero displacement corresponds to maxi 
mum overlap. 

FIG. 2A illustrates the relative displacement of the tWo 
Wafers. In this example, tWo disk-shaped components (reso 
nator substrate 16 and dielectric Wafer 18) Were displaced 
relative to each other by a distance X, While maintaining the 
same gap or axial separationY. In alternative approaches, the 
gap may be adjusted, or the relative orientation modi?ed so 
that non-parallel con?gurations are obtained. 

FIG. 2B shoWs a resonator tuned by varying a relative 
displacement, Where the “Fixture” tuning results represent 
permittivity tuning by the composite material of the ?xture 
(Garrolite G10). The loWer curve represents lanthanum alu 
minate, the middle curve represents sapphire, and the upper 
curve represents the ?xture material. 

The tWo Wafers Were separated by 1.75 mm, and this dis 
tance can be modi?ed to adjust tuning range. All three curves 
initially trend doWnWard indicating increased capacitance. In 
the cases of the sapphire and lanthanum aluminate Wafers, 
this seems counterintutive as the permittivity of the G10 is 
loWer than the Wafers. HoWever, the gap betWeen the resona 
tor and the G10 of the ?xture is about 0.75 mm placing the 
?xture about 1 mm closer than the high permittivity Wafers. 
The reduced gap results in the resonator’ s electric ?eld having 
more interaction With the G10 than With the Wafers, compen 
sating for the loWer permittivity of the G10. 

Hence, permittivity tuning of an HTS resonator can be 
achieved using by changing the dielectric environment of the 
HTS resonator, for example using a proximate dielectric ele 
ment, such as a dielectric Wafer. Tuning can be achieved by 
changing the relative position (including position and/or ori 
entation) of the dielectric element relative to the resonator, for 
example by changing a gap distance, overlap of planar struc 
tures, and the like, or some combination thereof. More than 
one dielectric element may be used, one or more of Which can 
be adjustable. The permittivity of the dielectric element may 
be modi?able, for example using an electric ?eld, variable 
composition, use of shielding components, or other process. 
The permittivity of the environment of the resonator may also 
be adjusted, for example using different ?uid compositions 
surrounding the resonator. 

Tuning With Shielding Currents 
When the HTS resonator is in proximity With a conductor, 

the resonator’s magnetic ?eld induces shielding currents in 
the conductor. These shielding currents give rise to their oWn 
magnetic ?eld that opposes the resonator ?eld, loWering the 
magnetic energy stored in the HTS resonator. In terms of the 
circuit model, this decreases the circuit’s inductance. While 
any conductor supports shielding currents, conductor losses 
Would negatively impact the HTS resonator’s Q-factor. To 
avoid this, the same HTS material can be used in fabricating 
other coupled resonators. 
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The experimental arrangements Were similar to those used 
in permittivity tuning experiments. An HTS coated lantha 
num aluminate Wafer Was placed in a stationary mount of the 
test ?xture. The same HTS resonator used in the permittivity 
tuning experiment is also used for this experiment in the 
moving mount. As the resonator is moved, it experiences 
some dielectric tuning from moving over the ?xture in addi 
tion to the shielding current tuning. HoWever, the magnitude 
of this effect is negligible compared to the effect of the shield 
ing currents. The position 0 mm indicates that the tWo Wafers 
are fully overlapped. The results of a typical experiment are 
shoWn in FIG. 3. 

In this example, the tuning range Was 2.2 MHZ covering the 
frequencies from 4.3 MHZ to 6.5 MHZ. In terms of an RLC 
equivalent circuit, this corresponds to reducing the induc 
tance of the circuit by more than half its untuned value. This 
tuning method provides a tuning range useful for QR probe 
applications. HoWever, if an unpatterned HTS Wafer is inter 
posed betWeen the HTS resonator and a signal source, the 
resonator may become insensitive to the source. 

Tuning by Coupling to Another Resonant Circuit 
FIG. 4 shoWs tWo resonant RLC circuits (20 and 22) 

coupled magnetically. For a general case When the inductive 
coupling is less than unity, the resulting circuit may have tWo 
resonances. Using a change of variable to express the char 
acteristic equation in a normaliZed form [E. J. Burge, “De? 
nitions of resonance and exact conditions for resonance in 
some electrical circuits. II. tuned coupled circuits”, American 
Journal of Physics, 29:251-256, 1960], analytic expressions 
are derived that accurately approximate the system’s resonant 
frequencies. 

Letting 

m4 (1) 

then for large Q-factors 

(2) may = J-wrwiy 

When the inductive coupling is Zero, the resonances of the 
individual circuits are unaltered. As the coupling increases, 
the resonances are pushed further apart in frequency. The 
amount of the change in resonant frequency is determined 
largely by the proximity of the individual circuit’s resonant 
frequencies. The closer together the individual resonances 
start, the further they push apart as inductive coupling 
increases. Thus, tuning by this method can be accomplished 
in tWo different Ways: changing the coupling betWeen the 
resonant circuits or changing the resonant frequency of one of 
the circuits. 

Tuning Was achieved by changing coupling. TWo resonant 
circuits can be used to alter each other’s resonant frequency, 
for example using a ?rst an HTS resonator to tune a second. 
Tuning can be implemented by changing the inductive cou 
pling of the tWo resonators. 

The experimental arrangements used a second HTS reso 
nator With resonance mode at 3 .608 MHZ and has an unloaded 
Q-factor of 673,000. The same HTS resonator used in the 
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10 
previous tuning experiment Was used for this experiment in a 
moving mount. The position 0 mm indicates that the tWo 
resonators are fully overlapped. Because of the geometry of 
the resonators, the inductive coupling is expected to be high 
est in this position. 
The results of a typical experiment are shoWn in FIG. 5, 

illustrating tuning an HTS resonator by varying its inductive 
coupling to a second HTS resonator. As the overlap is 
reduced, the inductive coupling generally decreases, hoW 
ever, the decrease is not monotonic. There is a small, brief rise 
in coupling around 35 mm due to the overlap of the resona 
tor’s spirals. The tuning range achieved is signi?cant, With the 
loWer mode covering the 600 kHZ beloW 3.608 MHZ and the 
upper mode covering 1.9 MHZ above 4.345 MHZ. These 
ranges cover both the three v+ and three v- transitions of 
RDX. The impact of permittivity tuning Was negligible. The 
loWer mode data Was Well ?tted by theory, hoWever, it begins 
to consistently underestimate the resonant frequencies as the 
coupling increases. This is due to the fact that the geometry 
betWeen the tWo resonators is not constant With frequency. As 
the Wavelength shortens, the resonators become electrically 
larger and closer together improving their coupling. Since the 
inductive coupling Was derived from the measurements at the 
upper modes, these results may overestimate the inductive 
coupling at the loWer mode. In other approaches, a variable 
gap distance or other change in relative position (such as 
relative angular orientation) may be used. 

Tuning by Changing Resonant Frequency 
A conventional resonant circuit Was used to tune the HTS 

resonator. FIG. 6 is a photograph of a ?xture including tWo 
connected copper loops (3 0 and 32) located around the perim 
eter of an HTS resonator When supported in a stationary 
mount. Only the inner loop (32) Was used, Which had a diam 
eter of 53.35 mm, for purposes oftuning. This may be called 
a control loop, as it alloWs control of various aspects of the 
probe behavior, such as resonance frequency, Q-factor, and 
the like. The control loop may also comprise a superconduct 
ing material, to avoid observed Q-factor reductions When 
Q-spoiling is not desired. Resistors or other components may 
be sWitched in series and/or parallel With a control loop using 
any appropriate sWitching device. The outer return loop 30, 
Whose circularpor‘tion has a radius of 35.56 mm, is connected 
to the bottom of the inner loop; it is not used in tuning and is 
discussed further beloW. 
The inner loop has ?xed geometry relative to the HTS 

resonator and so inductive coupling is not controlled in this 
example. The inner loop Was resonated at different frequen 
cies to tune the HTS resonator mode. A bank of seven capaci 
tors Were sWitched in series With the inner loop, alloWing a 
total of 128 different frequencies to be selected over the 
tuning range. This example is not limiting, as other combina 
tions of capacitors, or variable capacitors, may be used. 

FIG. 7 shoWs an example schematic for a ?ne tuning cir 
cuit. In this example, a conventional (non-superconducting) 
resonant circuit is used to tune an HTS resonator. The reso 
nant circuit comprises capacitors such as capacitor 42, With 
associated sWitches such as sWitch 44, and a loop 40 that 
surrounds the HTS resonator 48. The sWitch control 46 
sWitches the capacitors C 1 -C7 in or out of the resonant circuit, 
alloWing ?ne tuning of the HTS resonator 48. 

Typical experimental results using the circuit of FIG. 7 are 
shoWn in FIG. 8 With the change in resonant frequency plotted 
against the nominal series capacitance. The slight disconti 
nuity in frequency change at 250 pF is due a slight mismatch 
betWeen the capacitance from the sum of the loWer six capaci 
tors and the capacitance of seventh capacitor. 
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The probe Q-factor is signi?cantly reduced, due to the 
dissipation of the shielding current induced into the control 
loop by the HTS resonator. In one example, a control loop Was 
placed around an HTS resonator With a Q-factor of 844,800 
and a resonant frequency of 4.346 MHZ. The resulting reso 
nant frequency increased by 910 HZ due to shielding currents, 
hoWever, the Q-factor fell to 76,250 due to the resistive losses 
in the copper Wire. Changes due to various portions of the 
control loop are shoWn in Table 1 beloW: 

TABLE 1 

Test Condition Q-factor Af (HZ) 

No control loop 844,750 0 
Outer loop, no leads 432,750 102 
Inner loop, no leads 103,500 699 
Inner and outer loop, no leads 77,500 1093 
Complete control loop 76,250 910 

The table entries indicating “no leads” mean that the Wires 
have been cut parallel to the top of the inner loop. Note that the 
resonant frequency shift caused by the completed control 
loop is about 100 HZ loWer that the shift due for the loops 
Without the leads. This reduction is caused by the increased 
capacitive coupling especially betWeen the inner leads. The 
dissipation of shielding current by the control loop largely 
limits the HTS probe’s Q-factor. 

The dissipation of shielding current by the control loop 
largely limits the HTS probe’s Q-factor. In other examples, 
the copper control loop may be replaced With an HTS control 
loop. 

The shielding currents induced in the HTS Wafer Were 
large enough to shift the HTS resonator’s mode by 2 MHZ 
While not having a measurable impact on the Q-factor. The 
probe ?xture material can also be selected to serve as the 
substrate for an HTS control loop. For example, the ?xture 
may be fabricated from a loW polarization loss material that is 
compatible With the groWth of an HTS thin ?lm. 

Relays Were used to complete the circuit betWeen the 
capacitor and the loop With very loW resistance When they are 
on, and to provide a very high impedance When they are off. 
While their sWitching time offers improvements over 
mechanical tuning, it is still long compared to the typical 
spacing of pulses in a multi-pulse QR excitation sequence. 
Other fast sWitching mechanisms may be used. While FET 
sWitches With on state resistances comparable to relays are 
available, their drain-source capacitance in the off state may 
be too large to appear open circuit in the nitrogen-14 transi 
tion band. Diodes may present the opposite problem in that 
off state capacitance is small enough to appear open circuit 
While the on state resistance is too large to be practical. A neW 
generation of PIN diodes are suitable for operation With the 
nitrogen-14 transition band. The PIN diodes combine fast 
sWitching With loW on state resistance and minimal off state 
capacitance. 
As the loop’ s mode is brought closer in frequency to that of 

the HTS resonator, the increased interaction Which produces 
tuning also causes the resonators to increasingly share their 
electrical losses. The losses in the resonant loop are due to the 
resistance losses of the conductors and the polariZation losses 
in the capacitors. Conductor losses Were kept loW using cop 
per Wire and by using relays for sWitching, and polarization 
losses in the capacitors kept loW using silver mica capacitors. 
HoWever, as the loop inductance is loW, the need for loW loss 
capacitors precludes resonating the loop at frequencies beloW 
the HTS resonator’s mode. This limits the loop to tuning the 
probe to loWer frequencies only. 
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12 
The loop Q-factor Was still more than tWo orders of mag 

nitude less than the probe un-tuned Q-factor of 80,000. Tun 
ing causes the Q-factor of the HTS probe to deteriorate further 
as more losses are coupled to the resonator. 

In other examples, an HTS probe may be tuned by induc 
tive coupling With a second resonator, adjustment being 
obtained using any other approach such as adjusting relative 
positions, number and position of shielding elements, second 
resonators having tunable frequencies obtained by any other 
method, and the like. 

Tunable HTS Probe 
By combining mechanically controlled tuning With a sec 

ond HTS resonator and electronically controlled tuning With 
a conventional resonant circuit, an HTS probe is achieved that 
is capable of Working over a Wide frequency range and has 
suf?cient ?ne tuning to maximiZe the measured QR response. 

Q-Spoiling an HTS Probe 
The applied magnetic ?eld that excites the QR nuclei also 

stores energy in the HTS probe. FolloWing an RF pulse, the 
residual energy stored in the HTS probe may obscure the 
Weak QR signal induced in the HTS probe. For this reason, 
immediately folloWing the application of a RF pulse, it is 
useful to temporarily, and signi?cantly, reduce the Q-factor of 
the HTS probe so that the residual energy dissipates at a rate 
much faster than the relaxation time of the QR signal, par 
ticularly When excitation and reception are performed using 
the same probe. This operation, called Q-spoiling, is affected 
by coupling an electrically lossy netWork to the HTS probe 
through the control loop surrounding the HTS resonator. 
The probe’s natural response alloWs this energy to decay. 

For example, a conventional probe, Whose Q-factor is on the 
order of 100, Would have a relaxation constant of —'c:9.33 
microseconds When tuned to the v- transition of RDX at 
3.410 MHZ. This relaxation constant increases directly pro 
portional With the probe’s Q-factor. The probe natural 
response has a much larger initial magnitude than the QR 
response and, as the probe decay constant groWs in duration, 
the probe response may completely obscure the QR response. 
By temporarily reducing the probe Q-factor, folloWing the 

excitation pulse, this alloWs the probe’s natural response to 
relax more rapidly and to take advantage of the HTS probe 
Q-factor during the receive WindoW. 

FIG. 9 is a schematic of an example circuit used to imple 
ment Q-spoiling. A control loop 52 Was used to inductively 
couple the ITS probe to an intentionally lossy tuned circuit, 
giving a temporary reduction in Q-factor. The capacitance 
sWitching circuit With sWitch control is similar to that dis 
cussed above in relation to FIG. 7. 
The sWitching transient associated With turning the Q-spoil 

circuit off may adversely affect the measurement of the QR 
response. This is not a problem for the tuning circuit as the 
tuning Was sWitched Well prior to the receive WindoW alloW 
ing its transients to dissipate naturally. While the sWitching 
transients cannot be avoided, the transient currents can be 
balanced, reducing their impact. The outer loop 50 of the 
control loop serves as a balanced ground path for the circuit. 
The resonant frequency of the control loop for Q-spoiling 

is determined by the series combination of the tWo capacitors 
labeled CS. The tWo resistors labeled RS provide the circuit 
With additional losses that serve to loWer the overall Q-factor 
of the probe. The four diodes labeled D are ultra-fast recovery 
diodes and are used to isolate the Q-spoiling elements from 
the control loop When Q-spoiling is not required. The tWo 
resistors labeled RB serve to set the diode’s bias current dur 
ing Q-spoiling. The source labeled VS provides the bias volt 
age for the diodes. When Q-spoiling is active, V CI-S V 
alloWing the diodes to conduct. When Q-spoiling is inactive 
























